D
"A284 \i‘: 64 FATION PAGE

Nﬁ\\\\\\\\m\\\\\\\\\\\\\\\\\ i

LoD

B L A A DR
[CP TRV T TP S P I RTINS T

1. AGENCY US5E ONLY {leavs blank) 2. REPORYT DAL 3 RLPORT TYPEt AND DATHS COVIRLD

ANNUAL 01 Jun 93 TO 31 May 94
4. TIFLE AND SUBTITLE % TUNUDING NUMBLKS
AASERT-92 RESEARCH TRATNING FOR UNDERSTANDING THE FATE F49620-93-1-0414
OF ENVIRONMENTAL POLLUTANTS 61103D
6. AUTHOR(S) 3484 /Y8

Dr Eugene Madsen

—— - A2

Cornell University

Divisdon of Biological Sciences
Section of Microbiology/ Wing Hall
Ithaca, NY 14853/8101

7. PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES) } ;lj DT[C SGANIZ N
H ] CUUER

T g SPONSORING 'MONITORING AGENCY NAML(S) AND ADDRE Su{ts) ' ugxuspp']gfﬁﬁ-maNnO'ff*F
!Dr Walter Kozumbo { mjf* LRORT MMty
AFOSR /NL ,
} 110 DUNCAN AVE SUITE B1l15 ;
{ BOLLING AFB DC  20332-0001 i AOSRTR- 94 049 2

1i. SUPPLEMENTARY NQTES

12a. DISTHIBUTION - AVAILABIITY STATFMENT 120 MSTRIBUTION CODY

P Y T TN

Approvad for priblic rolease?

L

i

!

dictribptionunlimitod. ;

12 ABSTRACT (Myvunum 200 words) )

This proposal requests funds to further involve graduate students in environmental
research sponsored by the United States Alr Force Office of Scientific Research
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The objectives of this AASERT grant are perhaps best appreciated by recalling statements in
the Abstract of the original proposal which appears below:

ABSTRACT: This proposai requests tunds to further involve graduate students in
environmental research sponsored by the United States Air Force Office of Scientific Research
(AFOSR). The participants will leamn to utilize a combination: of laboratory and field approaches to
identifying physical, chemical, genetic, and physiological influences that govern the accumulation
and biodegradarion of polycyclic aromatic hydrocarbons (PAHs). These and related compounds
are among the chemicals whose environmental fate is of concein to the U.S. Air Force and other
Department of Defense agencies. The Principal Investigator and coileagues have conducted a prior,
independent study that has shown that, despite the presence of PAH metabolizing microorganisms,
PAHs persist at a site where freshwater sediments are fed by PAH-contaminated groundwater.
Hypotheses to be tested address fundamental mechanisms for the persistence of environmental
pollutants, these include: (1) the rate of delivery meets or exceeds the rate of biodegradation; ()]
the PAHs are niot available to microbial populations due to rapid, short term sorprion onto the
sediment organic matter, or due to long werm (aging) sorption into a spatially remote compartment
of the microporous structure of sediment organic matter, or due to complexation reactiorns with
dissolved organic carbon, or due to the physical arrangement of the sediment matrix which
prevents contact beiween PAHs and microorganisms; (3) the microorganisms may be
physiologically limited by the presence of preferred metabolic substrates or toxic or inhibitory
substances, or by the lack of proper final electron acceptors, electron donors, or inorganic or
organic nutrients; and (4) PAHs may persist simply due to restricted distribution and abundance of
biodegradation genes in nawrally occurring microbial populations. By working in an iterative
manncr between field chservations and congrolled lahoratory determinations, this research project
will systematically test the above hypotheses and thus identfy constraints on microbiological
processes that destroy PAHs (naphthalene and phenanthrene). The graduate students participating
in this program will develop skills in microbiology, chemistry, hydrology, and environmental
engineering. This type of multidisciplinary training is essential for addressing pollution problems
confronting the Deparment of Defense.

Progress toward the training goals of the grant has been made as follows:

James B, Hermrick, a fifth year Ph.D. student with major in the field of microbiology, and
minor concentrations in genetics and biochemistry, has nearly compieted his Ph.D. dissertation.
Owing to the travel stipend provided by the AASERT grant, J.B. Herrick has attended the national
American Society for Microbiology meeting in Las Vegas Nevada (May 1994) where he presented
his research to his peers. The Ph.D. research (ASM abstract entitled “Genetic and Taxonomic
Variation in Naphthalene Catabolic Bacterial Populations Native to a Coal Tar Wasie-Contaminated
Site*) has utilized a combination of field and laboratory techniques to isolate and genetically
characterize naphthalene-degrading bucteria from several locations within our coal-tar contamirated

study area near Glen Falls, NY. Among the exciting aspects of J.B. Herrick's work are (1) DNA

coding for naphthalene metabolism has been directly extracted from sediments from the field study




site (see Herrick ez al., 1993 and Moré et al. 1994; auached) and (2) genetic exchange among
natural populations has been implicated because highly conserved nucleotide sequences of and
portions of the gene that encodes the first catabolic enzyme in the naphthalene biodegradation

pathway have been found to be distributed among a broad diversity of bacteria at our field study

site,

J.B. Hermrick’s educational and career goals have been well served by the support provided by
the AASERT program. Currenty the laboratory research portion of J.B. Herrick’s Ph.D.
dissertation is nearly complete. Therefore the major emphasis is on writing. He will depart from
Comneil University and the AASERT program in the Fall of 1994. Several post-doctoral positions
have already been ctfered to Dr. Herrick - among them are posts at USEPA, USGS, General
Electric, and Los Alamos National Laboratory. Dr. Herrick was also found to be the top candidate
in a nation-wide faculty search at George Mason University in Virginia. Disappointingly, however,

political and financial instabilities at that institution forced the termination of the position,

Karen G, Stuart has recently completed her first ycar of graduate training as an Environmental
Toxicology major at Comell. Prior to entering Cornell's graduate school program, Karen had
majored in Biochemistry at the University of Wisconsin (see transcripts attached). Ms. Stuart had
also spent one year in Africa as a Peace Corps volunteer, and 1 year as a laboratory technician in
the Great Lakes Toxicology Research I.aboratory at ihe Siaie University of Now York at Buffale.
The primary ensphasis in the early curriculum of a new graduate student is coursework. As is
evident from K.G. Stuart's summary of courses (attached) her academic performance has been
excellent. In addition to attending classes during her first year of AASERT support, K.G. Stuart
has worked in the laboratory setting with Drs. Madsen, Ghiorse and several environmental
toxicology and microbiology graduate students. The projects K.G. Stuart has participated in have
exposed her to DNA hybridization, analytical chemistry and microscopic techniques. These will
assist in defining the approaches and ideas that will eventually constitute research contributing

toward her Ph.D. degree. It is premature to define K.G. Stuart's Ph.D. research project - but it

—————————————————————————————————



certainly will combine the concepts and tools of environmental toxicology, molecular

microbiology. analytical chemistry, with field work at our coal tar-contaminated study site.

Summary

During the first year of the AASERT grant entitled "Research Training for Understanding the
Fate of Environmental Pollutants", two graduate students, J.B. Herrick and K.G. Stuart have been
supported. J.B. Herrick, very near to the end of his graduate studies, with already two published
articles to his name, has assimilated a unique combination of disciplines (microbiclogy, molecular
biology, populatdon genetics, field work, and microbial catabolism of environmental pollutants).
His strong performance in the market place [top candidate in a nationally conducted faculty search
at George Mason University, (with no postdoctoral waining!)], auests primarily to Dr. Herrick's
own abilities, but also reficcts well on the education he has received at Comell University. K.G.

Stuart has the same promise ac J.B. Herrick, however, her scientific career is still at a stage of

carly development.
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Polymerase Chain Reaction Amplification of Naphthaicne-
Catabolic and 16S rRNA Gene Sequences from
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We report the amplification of bacterial genes from uninoculated surface and subsurface sediments by the
polymierase chain reaction (PCR). PCR amplification of indigenous bacterial 165 ribosomal DNA genes was
unsuccessful when subsurface sediment containing approximately 107 cclis - g~' was added directly to a PCR
mixture. However. when 10 mg of sediment was inoculated with approximately 10° cells of Pseudomonas putida
G7, the itahAc naphthalene dioxygenase gene characteristic of the P. putida G7 NAH7 plasmid was detected by
PCR amplification. Southern blotting of the PCR amplification preduct improved sensitivity to 10° to 10* cells
from samples inoculated with P. putida G7. but controls with no sediment added showed that the PCR was
paruially inhibited by the sediments, Ly-ozyme—sodiem dodecyl sulfate~freeze-thaw IDNA extraction was
<combined with gel electrophoretic pertial purification in the presence of polyvinylpyrrolidone to render DNA
from indigenous bacteria in surface or subsurface sediment sampies amplifiable by PCR using eubacterial 16S
ribosomal DNA primers. ‘The nahdc gene could also be amplified from indigenous bacteria by using
rahAc-specific primers when PCR conditions were modified by increasing Tag and primer concentrations.
Restriction digests of the nak4c amplification products from surface and subsurface sediments revealed
polymorphism relative to P. putida G7. The procedures for DNA extraction, purification, and PCR
amplification described here demoustrate that the PCR is a potentially useful tool in studies of function- and
taxon-specific DNA from ‘ndigenous microbial communities in sediment{ and groundwater vnvironments.

e et b = =

Studies of the genetic composition and ecology of native
bacterial populations traditionaily have been constrained by
their dependence on cuiture-based methods. It is an estab-
lished dictum of microbial ecology that the maiority of the
bacterial species in nearly all microbial communities are
unculturable (3), although a few notable exceptions have
been reported (7, 35). Environmental microbiologists have
therefore begun to explore the use of molecular methods to
circumvent the bias of culture-dependunt techniques. The
analysis of extracted rRNA or ribosomal DNA (rDNA) has
proven particularly fruitful for identifving bacteria in marine
bacterioplankton (11, 34), terrestrial hot springs (37, 43, 45),
and endosymbiotic associations (1).

In addition to taxonomic information, analysis of ex-
tracted nucleic acids can provide information about generic
variation in microbial populations which carry out environ-
mentally important functions. For example, using DNA
probes prepared from plasmid PJ4, which codes for 2,4-
dichlorophenoxyacetic acid metabolism, Holben et al. (15,
16) found positive hybridization only with soil DNA ex-
tracted from one of two sites containing 2,4-dichlorophe-
noxyacetic acid mineralization aciivity. Also, Barkay et al.
(6) demonstrated that four distinct probes for the mer operon
hybridized to varying degrees with DNA extrz:ted from
pond and river water. When Barkay et al. (5) examined DNA
extracted from mercury-resistant isol.tes, they found that a
mer operon DNA probe and a more specific merA probe did
not hybridize with the DNA under high stringency. Yet the
DNA of all of the isolates hybridized with the merd probe at
lew stringency, indicating divergence of related sequences.

* Corresponding author.

Thus, the distribution and variation in genes encoding bio-
degradative and other microbial processes in natural envi-
ronments are poorly understood.

A number of studies have shown thar molecular ap-
proaches such as nucieic acid hybridization can be success-
fully applicd in an environmental context (17, 31j; however,
these approaches are subject to their own methodological
liniitations. The techniques employed in many of these
cxperiments may be selective or lack the sensitivity required
to detect and analyze the genes of interest. Polymerase chain
rcaction (PCR) amplification of extracted DNA has been
suggcsted as one methed for overcoming these limirations in
soils and sediments (32). Enzymr-dependent manipuiations
of nucleic acids, such as PCR, arc hampered by the presence
in extracted DNA of inhibitory natural substances which
may not be removed by standard DNA purification tech-
niques (39, 41, 42). Nenetheless, PCR has been employed to
detect Escherichia coli (18, 41), a Frankiag sp. {14), and a
genetically engineered Pseudomonas cepacia (38) intro-
duced into soils and scdiments. Ampilification of DNA se-
quences from indigenous bacterial populations, on the other
hand, has proven to be much less tractable. Recently, PCR
amplification of electrophoreticaily purified 16§ rDNA sc-
quences has been successful for indigenous soil bacteria
(21); however, PCR amplification of catabolic genes present
in native populations has not, io our knowiedge, been
reported.

The objectives of this study were (i) to develop methods
for obtaining PCR-amplifiable DNA from indigenous micro-
bial populations in surface and subsurface scdiments and (ii)
to apply the methodology 1o samples fromn a naphthalene-
contaminated field site 1o determine whether naphthalene
degradation gene sequences similar 1o those encoded on the
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TABLL 1. Desceripunon ot sampies used in this study

Minerahization
Nuaphthalene

. . o . ule ‘
oo s A =
(gl Naph- 1 Hydroxy-
thalene henzoate
Pristine Pristine subsurtace. vadose zone Aprnil 1989 0.6 069 8D 0 52
Source Contamnated subsurtace at souree June 1990 ca. 4 ND 38 15 70
of coal tar. saturated zone
Upgradient Contuminated subsurface. 10 m September 1989 23 0.93 BD 19~ y
downgradient trom coal tar
source, water table zone
Downgradient Contaminated subsurtace. 130 m S=zptember 1989 30 104 BD 36" S¢
dowrngradient trom coal tar
source, water table zone
Seep Surface sediment in seep area within July 1991 0.1 20.6 7.0 55 S0

contaminant plume, 400 m down-
gradient trom coal tar source

* The percentage o1 orgamic mattzr for the seep sampie was determined by high-temperature ignitiun (8): 1he pereentages ot organic matier tor the other samples

were determined by the loss-on-ignition method (24). ND. not determined.

” The naphthalene concentration was determined by gas chromatography or gas cnromatography-mass spectrometiv. Source and seep data are trom reterence

5. and all other data are trom reterence 24, BD. below detccnion.

* Cumulative percentage imneralized at 20°C in inphicate samples relative 1o paisoned controls. Source and seep samples were incubated tor 10 days; ail vther
samples were incubated tor 14 days. The standard deviation tor each value, as cstimated by using & and 20 determinations, was 197 of the mean,

' Data from reterence 23,

well-characterized Pseudomonas punda NAH7 plasmd
were present in samples known to mineralize naphthalene.
(Preliminary results were reported previously {13].)

MATERIALS AND METHODS

Site description, sampling, and microbiolopical character-
ization. Subsurface samples were obtained from a coal tar
waste-contaminated site located in a forested sandy alluvium
area in the northeastern United States. This site has bcen
studicd intensively (24--26), and buricd sediments containing
high concentrations of coal tar have recently been removed
(10). However, downgradient portions of the site remain
contaminated with soluble coal tar constituents. Approxi-
mately 400 m from the buried coal tar, contaminated ground-
water seeps from the side of a hillslope. Table 1 provides a
description of the samples employed in this study. Scep
sediment samples were taken with a flamed trowel trom
approximately 10 ¢m below the surtace of the litter layer.
Coring and aseptic subcoring methods for subsurface sam-
ples upgradient from the seep, as well as methods for plate
counts of viable bacteria and total microscopic acndine
orange direct counts of bacteria, have been descnbed (7, 25,
26, 36). Conversion of **C-labeled organic compounds to
140, was measured by standard methods (2, 23), modified
as previously described (25, 26).

Bacterial strain. P. putida G1 was obtained from G. S.
Sayler (Center for Environmental Biotechnology, University
of Tennessee, Knoxville).

Primer and probe design. In P. punida G7 containing the
NAH?7 plasmid. the nahdc gene encodes the large subunit of
the iron-sulfur protein componen: of naphthalene dioxygen-
ase, the initial enzyme in the naphihalene catabolic pathway
(35, 48). The positions of the 30-mer oligonucleotide PCR
primers (noted beclow as mnahAcl and nahAc3) and the
internal hybridization probe (roted below as nahAc2) were
selected on the basis of two nahAc sequences, one fiom P.
putida G7 (35) and one from P. putida NCIB 9816 (19). The
coding regions of these two DNA scquences were found to
be 96% identical by using the GCG sequence analysis soft-

ware package {9). In addition, the amino acid and DNA
sequences of the toluene dioxygenase of P. putida F1 (50}
were compared with those of the rahdc gene. Two regions
exhibiting amino acid conservation between the homologous
aromatic dioxygenases and identical nucleotide scquences tor
the naphthalene dioxygenases were chosen as PCR primer
locations. The sequence of PCR primer nahAcl is 5'-GT1
TGCAGCTATCACGGCTGGGGCTTCGGC-3', correspond-
ing to nucleotides 794 to 823 of the NC1B 9816 scquence (19),
and the scquence of PCR primer nahAc3 is 5'-TTCGACAA
TGGCGTAGGTCCAGACCTCGGT-3', corresponding to nu-
cleotides 1495 to 1466. The sequence of the internal oligonu-
cleotide probe nahAc2 is 5'-GCTCGCOGTGGAGAGCTTC
CATGGCTTCATC-3", corresponding to nucieotides 911 to
940. PCR amplification (33) with primers nahAcl and nahAc¢3
results in a 701-bp product internal to the naidc gene (the
entire nahAc gene 1s 1,349 bp long).

The construction of oligomers i amplification of the 168
rRNA gene sequence was bascd upon regions conserved
among all known cubacteria. Sequences were as described
by Wilson ¢t ai. (46), our 5' primer. designated 16SP-5,
corresponded to POmod, and our 3° primer, 168P-3, corre-
sponded to PC5 of Wilson ct al. (46). In addition, sequences
containing restriction sites for cloning were synthesized as
part of the primers but were not used in this study (44). The
sequence of the 16SP-3 primer was 5'-ccgaattcgicgacaacAG
AGTTTGATCMTGG-3" (linkers containing restriction sites
for EcoRI and $all are indicated in lowercase letters: M
denotes A or C). The sequence of 165P-3 was 5'-coegggate
caagettTACCTTGTTACGACTT-3 (lowercase ictters indi-
cate restriction site linkess for HindlIl, BamHI, and Xmal).
These primers permit amplification of nearly the entire
1.5-kb 165 rDNA sequence (44).

Direct PCR from sediment. P. puiida G7 wds grown
overnight at 30°C in 5% PTYG liquid medium (4), centri-
fuged, and resuspended in 15 mM sodium phosphate buffer
(pH 7.0), and the suspension was held at room temperature
for 2 h to denlete nutrient reserves. The ccll suspension was
then centrifuged again and resuspended in distilled deionized
water (ddH,0). The suspension was diluted as nccessary
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with ddH,0 betore addition o sedinent. Portions (10 mgj ot
nonstertle vadose zong sediment taken from the pristine
borchole (Table 1Y were moculated with vinous concentra-
nons of I punda G7 in Iz ul ot ddH.O. Control tubes
contained inoculated cells only (no sediment: posinve con-
trolh, scdiment only, o1 PCR reagents only (negative con-
trols). Inoculated samples were mcubated at room tempera-
ture lor 30 min A 10-pl poruon of detergent dvsis solution
(17 Tween 20, 57 Triton X-100, 10 mM Tris-HCL 1 mM N,
EDTA [pH 8.0]) was added. and then the tubes were heated
tor 10 mun at 85°C. Then 88 ul ot PCR cocktnl and 3 drops
of light mitneral o1 were added directly to the sample tubes.
The final reaction conzentravons were 1 uM for cach pnimer,
S0 uM for cach deoxynucleoside triphosphate. and 5 U for
Taq polymerase (Promega Corp.. Madison, Wis.)in a bulter
contaiming 30 mM KCl. 10 mM Tris-HCI (pH .01 1.5 mM
MgCl.. 0.0177 bovine serum aibumin, and 0.05% Tween 20,
The PCR was then carnicd out tor 50 cycles consisting ot
94°C (1 muny. 35°C (2 runie and 72°C (3 muni, with a 5-min
extension at 72°C in the fast cvele. All amplificatons were
performed on a Hybaid thermal cycler (Teddingron, Middie-
sex. United Kingdom). Ampiification products were electro-
phoresed 0 a 0.7% agarose gel and stained wath ethidium
bromide by standard techniques (30).

Extraction, purification, and PCR amplification of DNA.
DNA was extracted trom surtace and subsurtace saumplces by
a modificanion of the method of Tsai and Olson (40). Brictly,
1 g (wet weight) of cach sample was washed two or three
times in 100 mM sodiom phosohute buffer (nH 8 0vand then
incubated in lvsozyme solution (1530 mM NacCi. 100 mM Nu,
EDTA [pH 8.0], 15 mg ot lvsozyme per mi) at 37°C for 2 h.
A sodium dodcceyl sulfaic (SDS) solatien (100 mM NaCl. 500
mM Tris-HCl [pH 8.0}, 107 SDS) was added. und the
reaction mixture was mixed well and incubated at room
temperature for 5 min and then alternately frozen solid in
liquid nitrogen and thawed in a 65°C water bath three numes.
An ammonium acctate solution {7.5 M) was added to achirve
4 concentration of 2.5 M, and the lvsatc was vigorously
vortexed and then centnifuged at 6,000 x g tor 10 min. The
supernatant was transterred to a new tube and precipitated
with ethanol and 20 pg ot glveogen tmolecular grade: Bochr-
mger Mannheim. Indianapohs. Ind.) per ml. Atter drving,
the preaipitate was resuspended in 10 mM Tris-HCl-1 mM
EDTA (pH 7.6).

The extracted DNA was loaded inty a 1% low-mclting-
point agarose gel (ScaPlague GTG: FMC, Rockland. Muine)
for purification. The gel was supplemented with 27 polyvi-
nylpyrrolidone (Sigma) t0 aid n the separation ot hunuc
compounds from nucleic aads (49). Electrophoresis was
carried out 1in 1 x Tris-acctate-EDTA (30) at a constant
valtage of 5 V/icm for 90 min at 4°C. The gel was stained for
30 minin 1 x TAE containing 0.5 ug ot cthidwum bromide per
mi. The resulting DNA band was located under UV itlumi-
nation, cxcised from the gel, and melted at 60°C for 10 min.
and 1 to 5 pl was added directly to the PCR mixture or. in the
case of the seep-extracted DNA-agarose. diluteg (1:100) in
ddH,0 before addition to the PCR mixture. A band-sized
prece of the gel was also excised from an empty lanc at
approximately the same position as the extracted DNA tor
use as a negative control. PCR was carried out as described
above, but with primer concentrations ot (.5 pM, for 30
cycles consisting of 94°C (5 min), 42°C (30 s), and 72°C (4
min), with a 5-min denaturation siep at 94°C in the fitst cycle
and a 5-min extension at 72°C in the last cvele, The lower
(42°C) annealing temperature was sclected o allow ampnti-
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canon of naftde genes that may have divergent base pair
scguences.

Southern hybridization, For Southern blottng with *p-
Libeled probe, DNA was transferred atter agarose gel clee-
nophotesis w0 a nvlon membrane (Magna Graph: MSL
Westhorough, Mass.) and hybrnidized with the end-labeled
nahAc2 vhgonuciconde probe by standard procedures 1300,
Hybndization and washes were carried out under high-
stnngency condiions. For autoradiography, the blows were
exposed to Xeray tilm at =70°C for 1o h.

Nonradioisotope digoxigenin labeling was also used for
Souihern hybnidization with the nafAc probe. £, punida G7
cells were transterred trom colonies on a 5% PTYG agar
plate nto 3 pl of ddH,0 and microwaved twice tor 1 min at
full power 1n a standard 700-W microwave oven (RCA) to
lvse the cells. Digoxigenin labeling was carried out by a
modification of the method of Lanailo (20, A 20-ul portion
ot PCR cocktail was added to the disulled water cell lyvsate o
wive total concentrations ot 0.5 uM tor nahAcl and nahAc3
primers, 33 pM for digoxigenin-dUTP (Bochringer Mann-
hewrn), 63 M for dTTP. 100 pM for dATP. dCTP. and
JGTP. and .5 U for Tug polymerase 1t the PCR butter
deseribed above. A twa-step PCR was carned out tor 30
cveles consisting ot 94°C {1 mum and 65°C (2 miny, with a
2.nun denaturation step at 94°C for the imual cvele and a
Sanmin extension at 05°C in the last cvele. A 10-ul poruon ot
the reaction mixture was electrophoresed in 19 low-melung-
point agarose. the single amplified probe band was excised,
and the probe wield was quanufied by direct deizction
dccording to the manufacturer’s instrucuons {Boehringer
Mannheum). The agiarose-probe muxture was then heated at
95°C for 10 mun to denature the probe. The purified digoxy-
genin-labeled prebe was used in the standard hybridization
procedurc (30 after Southern transter as described above.
Labcled probe was added 1o the hybridization solution at a
coneentration of 1} mg ot probe per ml of hybridization tluid.
Hybridization and posthybridization washes were carried
out under high-stringency conditions. and the bound probe
was detected by chemijuminescent exposure {Lumi-Phos;
Lumigen. Inc., Detroit. Mich.) of X-ray film for 1.5 min,
according to the manutacturer’'s (Bochringer Mannheim)
Instrucuons.

Restriction digestion of amplified nahAd. nahA scquences
amplitied from extracted DNA were clectrophoresed in
normal-melnng-temperature agarose (ligh strength analyu-
cal grade; Bio-Rad. Richmond. Culif), excised, and diluted
1:10 (source sample) or 1:100 (seep) in ddH.O, and 5 k! was
reamphiticd by using a two-step PCR ays described above.
The reamphiied products were putitied in a Centricon-100
microconcentrator (Amicon, Beverly, Mass.) by following
the manufacturer’s specifications, digested with restriction
cndonuclease. and electrophoresed i an 8¢ nondenaturing,
polyacrylamide gel.

RESULTS AND DISCUSSION

PCR amplification of P. putida genes from inoculated sedi-
ment. The primary objectuive of this investigation was to
develop a rapid and reliable method for PCR amplification ot
bacterial genes native to our study site. Therefore, our initial
expenments tocused on amplification by PCR of 168 rDNA
cubactenal scquences wn the pristine sample (Table 1), At
first, sediment was added dircctly te the PCR cocktail,
Eubacterial primers for 16§ rDNA were chosen for this
experiient because these sequences should be abundant in
most cabactenal communities (27). However, despite the
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FIG. 1. PCR amplitication of naftde trom 10 mg of pristine sediment moculated with decreasing uters ot P pratda G7 and added drrectly
1 the PCR reaction cocktad. tA ) Ethudium honpae-staned agatose ged with amphfied products loaded imto two sets ot wells in tandem, 113)
Southern biot of gel shownn panel A hvbndized with “Palabeled mternal pnimer nahAC2, overexposed o nerease sensitvity. Lanes: 1, 4,
OO 13 and Lol nosediment:lanes 2.3, 5000 8,9, 110120 14, 150 and 17, sediment present: tanes 1 diough 3 Lo < 107 CEFUL Lanes 4 throush
no Lo > 100 CEFUL lanes 7 through 9, 1.6 x 107 CFUC lanes 10 through 120 1.6~ 100 CEUL anes 13 thiough 13, 1o« 100 CFU: lanes 10 and
17, no cells megative coatrolsh lanes M. lambda Hendl-EcoRsize markes. The lower broad band in some lanies is the so-called pimer aamet
arnfact. The large arrows indicate the locauon of the 0.7-kb amphtication product.

presence of 1.1 x 107 total bactena per g arg 2.0 x 107
culturable bactena per g (25) and substanual p-hydroxyben-
zoate nuneralization activity in this sediment (indicating the
presence of active microbral populations) (Table 1), several
attempts at dircet PCR ampiification of indigenous 16S
TDNA genes i the sediment were unsuccesstul. Parameters
of the PCR protwocol, such as thermal cycling umes and
tempestures, magnesium, Zug polymerase, and primer con-
centratons, lysts method, and amount of sediment, were
moditied without suceess. These negative results were not
surpnsing n light ot reports by other workers that matenals
natve 1o the sediments. such as humie substances and
mineral constituents, could be mbubitory to both restmction
digestion 139) and Tag polvmerase amplificauon (41) ot
extracied DNA.

PCR amphfication was attempted after various numbers of

washed whole £, prunida G7 cells were mixed into tae pristine
sample. A 16-mg subsample ot the sceded mixture was
added directly to the PCR cocktil. and the naphthalene
dioxygenase nahAc sequence was amplitied directly, with-
out cell or DNA removal or puntication (Fig. 1). The nahAc
product became visible when 1.6 x 10° CFU weas iroculated
(Fig. 1A, lanes 2 and 3). Southern analvsis ot the PCR
products with the nshAc2 internal oligonucleotide probe
increased the sensitivity to 10° to 10* CFU (Fig. 1B, lanes 3,
0. and 8). The PCR product was not observed in one
replicate containing 1.6 x 100 CFU (Fig. 1B. lanc 9),
showing that variability existed in the samples at this level of
sensitivity. On a per-gram basis. this degree ot sensiivity is
comparable to genc probing of invculated. extracted. and
unamplified total soil DNA (32). Our PCR sensitivity did not
approach the 1-cell - g~ ! limit reported by Stetfan and Atlas
(38). However. these authors used large (uninoculated) soil
samplex and labonious DNA extraction and gradient centrif-
ugation techmques prior to PCR amplification,

We conclude from these results that the indigenous cells
were n a different physical, chenncal. or physielogical state

than cells added ta the sediment i our experirnent. Thus,
the extracuon of DNA from mdigenous eclls 1s i probanle
limning tactor tor the PCR. This conclusion ¢can be drawn
only by assuming that the PCR amplihcation characteristics
of the 168 primers were at least as sensitive as those ot the
nahAc pnmers. This is probably a conservauve assumption
because ot the multiple copy number ot 16S rRNA genes n
bagteria (27). It 1s also evident 1 Fig. 1 that the sediment
itself was mhibitory 10 the PCR. A strong hybridization
signal was visible tor the nahde amplitied without sediment
from 1.6 x 10' CFU (¥Fiz. 1B. lae 13), whereas the
seasiuvity of amphtication with sedimentwas 2 to 3 orders ot
magmitude less (Figo 1B, lane 8). The inmbinon ot the PCR
may also have been caused by adsorpuon ot released DNA
0 brg;{.ﬂ.:r; matter or clay  the sediment, Presumably. a
compound which mimics the binding properties of DNA with
sediment could be added 1o the sediment betore the lvsis
step to ameliorate this problem. The addition of salmon
sperm DNA, however, did not increase sensitivity (data nat
shown).

Extraction and puvification of DNA. On the basis of the
avove results, 1t was apparent that DNA in the native
bacteria was rendered less avalable for amplification than
DNA trom the added cells. Thus, methods for improving
DNA extraction and puntfication were investigated. Crude
DNA was extracted by a modification of the lysozyme-SDS.-
treeze-thaw protocol published by Tsai and Olson (40) (sce
Matenals and Methods).

A sigmticant problem with soil- and sediment-exracted
DNA. parucularly if it 15 10 be subjected to enzyvmatic
treaunents such as PCR or restriction digestion, hus been its
associatton with inhibiting impurities, such as humic com-
pounds (39. 41). Recent success in puritying DMA from
Frankia-inoculated soil by agarose gel clectrophoresis (14)
raised the possibility that gel electrophoresis could render
the DJA from mdigenous sediment bactena suitable for
PCR ampitfication. Electrophoresis presumably strips ot
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FIG 2. Agarose gel electrophorests ot 168 tDNA amphticauen
products obtamed trom polyevehie aromauc hydérociarbon-contami-
nitted surtace and subsurtace sediments. PCR was carnied out on
DNA wiich had been extracted rrom asepucally collected held
samples and partually punitied by gel electrophoresis as described
Matertals and Methods. Lanes 1. 2. punida G7 cells inoculated trom
plate (posiive control): lane 2, £ punda 7 DNA extracted and
puntied from whole cells by procedures used on sediments (positve
controli: fane 3. source sample: lane 4, scep sampie: lang 3.
downeradient sample: lane o. upgradient sample: lane 7, pusitication
gl oonly (aegauve controll. Sce Table ! tor charactensnes ot
samples,

humic compounds which mav be bound tightly to nucleic
acids and not easily removed. cven by gradient centnfuga-
tion and column purification techniques. Young (49) has
recently shown that the additicn ot pelyvinvipyrrolidone to
the agarose gel, which is thuught W bind hunie compounds.
alds in the scparation of DNA trom humic components
during clectrophorcsis.

The Hilger-Myrold {14) protocol for electrophoretic sepa-
ration of DNA from humic contaminants originaily cailed for
clectroelution of DNA from the gzl and subsequent phenol-
chloroform extraction of the cluted DNA. However, given
the fact that the PCR was robust enough to occur even in the
presence of unpurified sediment (Fig. 1), it scemed likely
that separation of the electrophoresed DNA from molecular
grade agarose before the PCR was implemented would be
unnecessary. Theretore. the crude DNA lysate was electro-
phoreucally punitied 0 a low-melung-point agarose gel

ol the extracted, unpuntied DNA, browmish organic contam-
mants visibly scparated from the genomic DNA band (data
not shown). This band was then excised. and 1+ poriion of the
agarose-DNA mixture was added directly to the PCR tube
without turther extraction from the gel.

PCR of indigenous 16S rDNA. PCR amplification of unin-
oculated 165 rDNA was successful when the DNA was
extracted and purified by the methods described above.
Figurc 2 shows the gel electrophoresis of 165 rDNA se-
quences amplified fromn source. upgradient., downgradicnt,
and secp samples. These four samples all contamed micro-
bial populations capable of mineralizing both p-hydroxyben-
zoate ard naphthalene (Tabie 1). These samples were di-
verse an their physical charactenstics: two were sandy
subsurface sediments, one was a saturated zone sample
heavily contaminated with polycyclic aromatic hyvdrocar-
bons, and one contained a high content of organic mutier as
well as polycyclic aromatic hvdrocarbon contaminants (Ta-
ble 1). Signiticant 16S rDNA amplification was obtained
from the seep sample (lane 4), the source sample (lane 3),
and the dewngradient sample (lane 3). Onlv very weak
amplification was observed from the upgradient borehole
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~ampic (Fie. 20 lane o). Wathout DNA separaton by electio-
phoresis, no 1S TDNA amprnication was detected tdata not
shawn). In a recent studv by Liesack and Stackebhrandt (275,
sel electtophoresis of extracted DNA was also tound 10 be
necessary W pernut amphficanon ot 165 1DNAL Further
expenments i our labosatory vhowed thar PCR ampinica
uon of 168 (DNA was also possible atter partal puninication
with a Prep-a-Gene DNA puntication kv (Bio -Rad). tow-
ever, the clectrophorenie separabion procedure descnibed
above was simpler and more reproducibic than the Prep-a-
Gene procedure.

PCR of extracted naidc DNA. The above procedures tor
exiracung. partally purifving, and amplitving 10§ rDNA
were used inonitial agtempts to amplity the naitdc sequence
trong DNA 1in source. upgradient. downgradient. and seep
samples, all of which exiubited naphthalene minerahizaton
activity (Table 1), When the thermal cvele program de-
scrited atove tor direet sediment amplificanon ot nafedc
from inoculated P. putida G7 celis was used., amplification
resuited in a smicar of nonspectiic products i each noncon-
trol lance of an ctindium tromide-stained agarose pgel. We,
therefore. emploved the same program used sugeesstully
with the 168 rDNA priimers. With this modification. rehable
and speciic amphitication ot pade-e trom the source and seep
samples was achicved (Fig. 3A. lanes 4 and o). The idenuiy
ot these naide sequences was confirmed by Southern hy-
bridization urnder high-stningency conditions by using the
labeled nahdc wene from £ punca G7 (Fig. 3B, lanes 4 and
0). Faint bands of amphfiecd DNA from the remaiming two
subsurtace samples runming at approximately the same mo-
lecular weight as nafule were detectable on the ethidium
bromide-stained gel (Fig. 3A. lanes 5 and 7). and a longex
exposure (3 versus 1.5 mn) ol the Southein blot shown 1n
Fig. 3B reveuled weak hybridization ot nafudc 1o these bands
{data not shown). However, additional attempts to amphify
the nahAc genes n these samples did not give consistent
results. Despite the presence of naphthalene mincralization
acuivity in these samples, it is possible that the bacter
responsivle tor nuphthalene catabolism have dioxvgenase
genes which are divergeni from the P punda G7 gene
sequence. thus prevennng amplitication with the PCR prim-
ery used. Alternanvely. the genes responsible 1or naphtha-
fene mmeralizaton i these bacteria may be entirely unre-
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sequence on the naphthalene dioxygenase tunction or (1) the
cemployment of an alternative pathway tor naphthalenc ca-
tabolism. In order to address some of these questions, we
have begun to isolate nuaphthalene-mineralizing bacteria
from this site and to screen them tor the presence ot
amplifiable and unamplifiable na# genes and aliernate path-
ways for naphthalenc mineralization.

Restriction analysis of amplitied rahdc sequences. Restric-
tion and sequence analyses of individual genes can be usetul
in reconstructing relationships among those genes and the
bactena possessing them (12, 28, 47). However. sensitivity
limitations may hamper the analysis of specitic. low-abun-
dance sequences in a heterologous mixture of extracred
DNA. PCR can assist in overcoming such dithculties.

In an initial analysis of the amplitied nahdc genes. the
sequences were digested with restriction endonucleases
known to cut £ punida G7 (NAH7) nahAc. To increase the
vield of amplificd nahAdc for resinction analysis, the PCR
product was clectrophoresed in in agarose gel, excised. and
directly reampliticd in the agarose, Restriction digestions of
the reamplified nahAc from the scep and source sampies,
compared with the restrie n patterns ot P, punida G7. are
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FI1G. 3. Amplihcation ot the nan4c naphthalene catabolic gene trom native community bactenial DNA extracied and parually puritied by
pet electrophoresis trom polvevene aromauc hydrocarbon-contaminated surrace and subsurtace sediment. (A Ethidium bromiae-stamed
agarose gel. tB) Southern blot ot gel shown in panel A kvbndized to dizoxigemn-laveled nahiAc probe corresponding to the /Cl-bp P. putda
G™ nahdc PCR product. Lanes M. lambda HindIll marker: lanes 1. . punda 7 cells frem plate tposiive control): lunes 2. reagent only
inegative controf): lanes 3, purincanion gel only 1negative control): lunes 4. source sample: lanes 3. downgradient sample: lunes 6. seep sampie:

lanes 7. uperadient sampte.

shown in Fig. 4. Haelll and Hinfl restriction patterns for the
source nahAc (Fig. 4, lanes 2 and 5) show the same size
tragments as tor £, putida G7. with additional tragments aiso
visible. The presence of such tragments was presumably due
10 added restnction sites (polymorphisms in one or more ot
the sequences amphfied. The restriction pattern of the scep
nanAc scquenees (lanes 3 and 6) was even more divergent
from the pattern of P. punda G particularly at the Hinfl
sites, which were both missing. lhere is no sequence vari-
ation at these restnichion sites in the two nahAc sequenres
used to design the primers.

1t should be recognized that the PCR products obtained in
this study probably represent a mixture of nahAc sequences
amplificd trom a number of different bactenal strains, PCR
nsclf can be a sclecuve process, randomly and possibly
pretercnually ampifying parucular sequences or sequence
familics 129). Also. Liesack ct ai. (22) reported the assembly
ot a spurious hvbnd seqnence during PCR of 4 mixed calture

FIG. 4. Restrictior. endonuclease analysis of amplitied. ind.ge-
nous nahdc sequences comnpared with the nahAc sequence from the
NAH7 plasmid of P. putida G7. Apprexumately equal amounts ot
DNA were loaded into all wells. Lane M. 123-bp size marker: lanes
1 and 4. P. putida G7 rahAc: lanes 2 and 5, source-derived nahAc:
lanes 3 and 6. secp-derived nahAc: lanes 1 through 3. Haelll
digested: lancs 4 through o. Hinfl digested.

ot barophiiic bactena. Thus. one must be cautious in draw-
ing conclusions based upon analysis of mixed DNA sc-
quences denved from PCR. However, the variauon in the
restniction patterns of extracted. amplified nahdc from the
source and seep samples (Fig. 4) demonstrates that success-
tui ampiificatcn was noi Sipiy an artifact {for cxample, 2
carryover of P. punida G7 nahAc FCR product). Also, the
restriction digest results furtheyr confirm that bacteria with
sequences similar to the NAH7 nuhidc sequence are present
at the field site.

Despite our conclusions ahout DNA sequences shared by
P. putida G7 and bacterial community DNA at this study
site. there 1s evidently a good dsal of sequence variation in
the amplified products. Deviation irom P. punda G7 in the
nahAc restriction paaterns suggests that. although there is
sutficicat sequence similarity withun the primer regiows for
amplification and for hybndizaton with an naghAdc gene
probe. there is notable sequence polymorphism within the
nafu4c genes distributed among the bactena at the field site.
This is particularly true (or the scep sample. It is also
possible that there is sequence divergence in naphthalene
dioxygenase genes in populations at this field site which,
because of the siringency of the PCR. was undetectable by
these methods.

Successful PCR amplitication of DNA from native micro-
bial populations in environmental samples rcquires a se-
quence of events. including cell lysis. removal of the DNA
from soil or sediment, denaturation of double-stranded
DNA. annealing of single strands with primers. extension of
primed DNA fragments with DNA polymerase. and many
repeated cycles of denaturation. annealing, and extension.
Clearly, impairment of any step in this complex chain will
diminish yields. Lirtle is known about the efficiency or
sensitivity of each of the above steps as they apply to the
mxthods described here. Moreover, no conclusions can be
drawn about the abundance of amplifiable nah4c~containing
cells or strains relative to those naphthalene degraders not
possessing such sequences. However, this study has dem-
unstrated that native 165 rDNA and nahAc sequences can be
amplified from both surface and subsurface sediment sam-
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ples and that ampiitiable but divergent nait-de homoiogs are
tound in at cast two regions of the tield site. The subsequent
analvsis of PCR-ampiified DNA trom uncultured bacternia—
whether by restriction digestion. DNA sequencing. or oth-
crwise—will provide sights 1nto the study of bactenal
populations nauve to sediments and other terrestnal habi-
1ats.
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This study reports improvements in two of the key steps, bysis ot indigenous cells and DNA purification,
required for achieving a rapid nonselective protocol for extracting nucleic acids directly from sodium dodecyl
sulfate (5DS)-treated sediment rich in organic matter. Incorporation ot bead-mill homogenization into the
DNA extraction procedure doubled the densitometrically determined DNA vield (11.8 pg of DNA-g |dry
weight| of sediment ~ ') relative to incorporation of three cvcles of freering and thawing (5.2 pg of DNA - p {dry
weight] of sediment ~'). The improved DNA extraction efficiency was atiributed to increased cell lysis,
measured by viable counts of sediment microgreanisms which showed that 2 and 8%. respectively, survived the
bead-mill homogenizaticn and freeze-thaw procedures. Corresponding measurements of suspensions of viahie
Bacillus endospores demonstrated that 2 and 94% of the initial number survived. Conventional, laser scanning
epifluorescence phase-contrast. and differential interterence-contrast microscopy resealed that smail coccoid
bacterial ceils (1.2 to 0.3 pwm long) were left intact after combined SDS and bead-mill homogenization of
sediment samples, Estimates of the residual fractisn of the Hiuorescently staiaed cell numbers indicated that
6% (2.2 X 107 celis - g |dry weight] of sediment ~ ') of the original pupulation (3.8 X 10’ cells - ¢ |drv weight]
of sediment ~ ') remained after trextment with $DS and bead-mill homogenization. Thus. lysis of total celis was
less efficient than thar of cells which could be cultured. The extracted DNA was used to successtully amplity
nahR, the regulatory gene for naphthalene catabolism in Pseudomonas putida G7. by PCR. By scaling down the
mase of sediment extracted to (.3 ¢ and by using gel purification and SpinBind DNA purification cartridges,

the time required to extract DNA from whole sediment samples was reduced to 2 h.

Microbial ¢cologists. systernaticists. and population geneti-
cists have become increasingly interested in methods for
complete, unbased isolation of DNA (7. 9. 12, 10. 29. 30) and
RINA (0. 3, 11, 19. 34, 36) from soils and scdiments because
such procedures promisc to make the genomes of uncultured
indigzenous microorganisms available for molecular analysis.
The ideal (2. 35, 360) is to circumvent the biases implicir in
culture-based procedures by direety accessing the genes of
naturally occurring mierobial communeties. But achieving this
ideal requures overcoming a varicty of nterterences that
dintinisie ihic gualiw. yield, and diversitv ot extracted nucleie
acids, These interferences rzise questions about the complete-
ness of nuelee acid extraction. and about the representative-
ness ot results based on the procedures.

The p -pular dircet lysis approach 1o DNA extraction and
purification (24) may be dissected into the following concep-
tual steps: (i) washing the material to remove soluble compo-
nents that may impair manipulation ot subsequently isolated
DNA: (1i) disruption of cells in the material to release DNA or
RNA from the cells: (iii) separation of the DNA or RNA from
solids: and (iv) isolation and puritication of the released DNA
or RNA so that it can be used in vanious molecular procedures
(t.e.. PCR. digestion by restriction enzvmes, hybridization
reactions. or sequencing). A variety of methods integrating
most or all of these steps have been published (7. 12,2022, 28,
29, 31), yet, no study has demonstrated that the DNA or RNA

* Corresponding author. Mailing address: Section ot Microbiology.,
110 Wing Hall. Cornell Universiy, Ithaca. NY 14853, Phonc: (607)
255-3080. Fax: (6U7) 255-3904. Electronie mail address: elm3@ Cor-
nelbedu.

¥ Present address: Escula Supenor de Bioteenologin, 4200 Port,
Portugal.

was extracted from soil or sediment compleielv. Nor have
critenia for complete extraction of DNA or RNA trom native
soi! and sediment communitics been established.

Procedures tor lvsis of microbial cells in soils and sediments
have relied on one or more ot the tollowing reatments:
lysozvme. heat. proteinase K. sodium dodeevl sulfate (SDS).
achromopeptidase. hot phenol. guanidine thiocyvanate. pro-
nase. accrone, Sarkosvl, LDTA, treeze-thaw cycles. treeze-boil
cveles. somcanon, bead-nudl homogenization, microwave heat-
mg. and mortar mill grindimg. Ogram et al. (20} reported that
a4 combinaton vi 305 Gncabaicd at 79CY asd tead-msll
homogenization achieved a 99¢% lvsis etliciency tor cells native
to marine and freshwater sediments, as determned by micro-
scopic counts. Tsal and Olson (31) reported that an EDTA-
lysozvme treatment tollowed by three treeze-thaw cveles re-
duced microscopic counts ot cells added to sediment and
subsoil samples by 95%. Similarly. Picard et al. (22) reported
that three sonication microwave-thermal shock cveles achieved
complete lvsis of Strepromyees spores. More recently, Erb and
Wagner-Dobler (7). using microscopic counts of two bacterial
strains added to sterile sedimens. concluded that six 3DS.
freceze-thaw treatments led 10 99% lvsis etficiency. While all ot
these reports were based on nicroscopic observations. descrip-
tions of surviving-cell size distribution and morphology have
vet to be presented. Furthermore, general criteria for lysis
ctliciency of microorganisms native to sediments have ver 1o be
established. In this regard. several investigators (7, 22, 31) have
made the questionable assumption that test microorganisms
added to sediments were valid surrogates for native cells.

The rationale tor the use of a lytic procedure s clearn
complete disruption of celiulur structvre and release of nucleic
acids is the objective. A goal of our tesearch was 1o better
understand the etfectiveness ot cell lysis procedures by deter-
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minicg their eitects on the diverse assemblage of cells i native
microbial commumities. in this investigation, we compared the
cltects ot two of the most widely used physical lysis procedures.
cycles of freezing and thawing and bead-mill homogenization.
on DNA vield and viable-cell plate counts. Total counts and
microscopic observauens of acridine orange-stained samples
were also used as enteria for Ivsis cifectiveness, Finally, we
simplified the protocol for extracuon and purification ot DNA
from the sediment.

MATERIALS AND METHODS

Sediment samples. Sediment samples were obtained asepti-
cally frem a coal tar-contaminated site near South Giens Falls.
New York. Sample characteristics and other details of the site
have been described previously (12, 17, 18). Approximately 35
vears ago, coal tar was buried ‘n a singie depositional event.
and since that time. groundwater fiow has distributed soluble
coal tar constituents 1n a narrow contaminant plume through
sandy subsurtace sediments. The contaminated water, which
contains naphthajene and phenanthrene. emerges in an or-
ganic matier-rich seep area at the toot of a hill slope. 40) m
down-uradient trom the onginal coal tar deposit. The methods
deseribed here primarily utilized the seep sediment. in which
arganic matter content was approximately 20% and the water
content was approximately S0% (12). Other sandier sediments
(approximately 1< organic matter and 20% water) were also
used in this study: these subsurface sediments. designated
“source.” “upgradient.” and “downgradient,” were obtained
trom boreholes at the field sitc along a midlinc transect of the
plumc of groundwatcr contaminants (17, 18). In samples trom
source, upgradient. and downgradient locations, the concen-
trations of polycyclic aromatic compounds, ecpecially naphtha-
lenie and phenanthrene. gradually diminished. Storage of seep
and subsurface sumples (in presterilized screw-cap glass jars)
was at 4°C for periods up to | and 3 years, respecuvely. Any
changes in microbial popuiations that may have occurred
during stoiage were immaterial for the purposes of this
investigation.

Celi lysis. The following general lvsis protocol was used in all
cxperiments. Egual weights (cither 0.25 or 0.5 g) of wet
sediment and phosphate buffer (100 mM, pH 8 [23]) were
added sequentially 10 2-ml screw-cap polypropylene microcen-
infuge tubcs {Laboratory Products Sules, Inc, Rochester,
N.Y.) comtaining 2.5 g of (.1-mm-diameter zirconia/silica
beads (BioSpec Products, Bartlesville. Okla.) previously ster-
ilized by autoclaving tor 50 min at 120°C and 15 Ib/in*, Next,
0.25 ml of a 10% SDS solution (SDS-Tris-NaCl: 100 mM
NaCl-500 mM Tris. pH 8-10% SDS) wus added: the final
concentration of SDS was approximately 4%. Each tubc was
shahen at high speed for § or 10 min in & bead-mill homoge-
nizing unit (BioSpec Mini-Bead Beater). The selection of bead
size and the proportion of beads to cell suspension were
determined by tollowing guidelines for disrupting bacterial
cells provided by the manufacturer. The tubes were removed
trom the bead-mill and centrifuged tor 3 min at 12,000 x g.

To compare the lysis efficiency of the bead-mill homogeni-
zation and freeze-thaw procedures. the sediment was mixed by
adding 3 g of sediment to 3 ml of phosphate buffer in a 15-ml
plastic centrituge tube and mixing for 2 min on a vortex mixer:
0.5 ml of the mixed suspension (equivalent to 0.25 g of
sediment} was immediately distributed to the 2-ml microcen-
trifuge tubes with and without prior addition of 0.1-mmn beads
as described above. A (.5-mi suspension ot Bacillus endospores
in the phosphate buffer was also added to microcentrfuge
tubes with and without beads. Endospores were harvested
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from a culture of Recdlus subnhs CU 1065 (Secuon of Micro-
biology. Cornell University) by cutturing the bacterium on 56
PTYG apar mediumn (4. 5) and sllowing extensive tapproxi-
mately 40 days) desiccation to vceur at 22°C. The spores were
harvested by flooding the plate with the phosphate buffer.
Microscopic examinanon showed that 100% of the Bactllus
cells in the saspension had sporulated. Euach tube received .25
ml of the 1077 SDS-Tris—NaCl solution. The SDS-containing
suspensions ot the spoves or sediment were then subjected 10
two different iysis procedures. In the freeze-thaw procedure.
samples were vapidly frozen by immersion 1n liguid nitrogen (2
min) and then thawed in a 63°C water bath (5 min); this
{reeze-thaw cvcle was carried out three times. The bead-mill
homogenization procedure was carried out tor 5 min as
described above, with or without beads added. In this case, lysis
ctiiciency was evaluated by triplicate viable-cell piate counts on
5% PTYG agar medium and microscopically as described
below. The results were confirmed in three separate experi-
ments. though data tfrom only onc are reported here.

Microscopic evaluation ot cell lysis. Intact sediment samples
or samples treated with SDS and subjected to the lysis proce-
dures were stained with 0.119% acridine orange and examined
with either a Zeiss Standard 18 microscope under phase-
contrast and epitluorescence viewing or a Zeiss laser scanning
microscope (model LSM-10) equipped for tluvrescence. phase.
and differential interterence contrast imaging under 438-nm
light from an argon laser. The LSM-10 is contigured such rhat
a single field of view can be examined by conventional trans-
mitted and epitiuorescence ilumination or by comparable
laser-scanning illumination. Both microscopes are fitted with
* 100 o1l Imnnersivn objcctive lenses with numerical apertures
of 1.3 or 14. An acridine orange direct count (AODC)
agar-smear procedure (5. 10) was used to assess the extent of
lysis of the endospores and enumerate the total aumber of cells
in the sediment. The computerized imaging and analysis
systems of the LSM-10 were used to document the size
distribution of microbial cells surviving the various lytic pro-
cedures. In enumerating cells in the sediment prior to imple-
menting lysis procedures. the average count and standard
deviation were computad from duplicate smears prepared
from three independent subsamples of the sediment as de-
scribed previously (5). In lysis experiments. the same general
procedure was followed. except that only one smear from each
sample was examined. In one instance. the number of surviving
cells was estimated from a wet mount of a known volume ot
sample urder a 22-mm” coverslip.

DNA purification. The supernatant from the lysis trecatment
(150 to 250 pl) was mixed 5:2 with a volume of 7.5 M
ammonium acetate, and a precipitate was aliowed to form for
S min at 4°C. Then, the tube was spun for 3 min at 12,000 x
g and 150 pl of the supernatant was concentrated and partially
purified with a SpinBind DNA extraction canridge (FMC
BioProducts. Rockland. Maine). In a SpinBind cartridge, the
DNA binds to a mcroporous silica membrane in the presence
of chaotropic saits: after washing, the DNA can be eluted with
water. The units were used according to the manufacturer's
instructions. except that an EDTA-free ethanol wash buffer
was employed and the DNA was eluted with 30 pl of warm
(60°C) deionized water. The eluted DNA was loaded onto a
1% agaruse gel containing 0.3 pg of ethidium bromide - mt ~*
and subjecied o clectrophoresis (4 Viem) for 20 min in
Tris-acetate-EDTA (TAE) buffer according to a standard
protocol (3). The resulting DNA bands were cut out of the gel
and purified with a SpinBind cartridge according to the
manufacturer’s instructions for extraction from an agarose gel.

Quantitication of DNA, The conceniration of DNA after the

|
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TABLE 1. Effect ot trecze-thaw treatment and head-mul homogenizanon on survival of culturable sediment oactenia and Bucillus cnduspores

Somple Treatment (‘FllJ ( ‘_hl))“ o Viablestotal cell
rg forml Sunaval rato (Ye ¥
Sedipient None 10(x0 - 10 ] 03
SDS + treeze-thaw EEIESUIERT1 > 0.2
SDS + 3-mun bead-mill? L5 (2020100 N 0404
Endospores None LS (=00 -0 Y ND
SDS + trecze-thaw L7005 10 ud ND
SDS + 3-mun bead-mull A3(=z03 we 2z ND
* Sce Matenals and Methods.
“ CFU ior sediment computed per gram drv weight: CFU for endospores computed per millihter.
* Abw see Table 2: AQIDC of untzeated sample = 3.5 ( =0.3) x 07 cells - gpdw .
* When beads were omiuted from the homogenization procedure. the postlysis CEU count was 0.5 1= LOV- 10” (65% sunvvaly.
“ND. not determmned.
final purification siep was measured by densitometry as fol- RESULTS

lows: 3.0 pl ot each sample and 4. 2. 1. and 0.5 wl of Lumbda
DNA standards (Promega, Madison. Wis.) cut with HindlIl
(New England Biolabs, Beverly, Mass.) were electrophoresed
on a 1% agarose gel in TAE running buffer as described above.
The el was photographed uncer a Spectroline 302-nm UV
transiliuranator (modei TR-302) as previously described (37).
A negative image of the gel was produced with a Polaroid MP4
Land camera using Polaroid tvpe 55 film. Bands on the
negative were scanned with a laser densitometer (Helena
Laboraiories. Housion, Tex.), and the DNA was quuntified by
interpolation from a calibration curve prepared from the
densities of Lambda-HindIII-cut DNA standards.

PCR amplificetion of extracted DNA. The suitability of the
isolated DNA 1o undergo enzymatic amplification reactions
was tested by a nested PCR protocol (15, 27), using primers for
nahR. the regulatory gene in the naphthalene catabolista gene
cluster encoded on the NAH7 plasmid of Pseudomonas putida
G7 (39). The outer primer sequences were 5S’AACTGCGT
GACCTGGATTTAAY and 5'CGCCGCCGGCTCGGCTG
GTGT?3'. corresponding to nucleotides 152 1o 172 and 1244 to
1224 (39) of the nuhR gene. The inner primer sequences were
3'GCCGCGCATCTGGCCGAGCCCGTCACTTCGGS and
S'CTCGGAGCATGTGGUCAACGGCGCCCAAGTGCY
corresponding to nucleotides 343 to 373 and 1200 to 1170 of
the gene. The final product was 828 bp long. Reagents and
conditions for carrying out the PCR were as previously de-
scribed (12). except that the inner and outer reactions were
prepared under “hot-start” conditions. with the dcoxynucleo-
side triphosphates added after thie tubes were heated to §0°C.
The outer reaction mixture inciuded 2 pl of SpinBind-purified
sample and was cycled 1 time at 95°C for 5 min: 5 times at 94°C
for 2 min, 65°C for 1 min, and 72°C for 1 min: 25 times at 95°C
for 30 s, 65°C for 30 s, and 72°C for 30 s: and 1 time at 72°C for
5 min. For the inner amplification which followed. 5 ul of
solution produced from the outer reaction mixture was used as
template. Tubes were cycled 30 times at 95°C for 30 s and 70°C
for 1 min and 1 time at 72°C for 5 min. The PCR products were
detected by agarose gel electrophoresis in 19 agarose gels as
described above. P. putida G7, used as a pasitive control in the
PCR assay. was originally obtained from G. S. Sayler (Univer-
sity of Tennessee) and was grown at 30°C in 5% PTYG as
previously described (12). Negative controls in the PCR assay
werc done with reagent only (i.e., no added DNA) and a blank
derived from a peripheral piece of the DNA purification gel
that was taken thiough purification and amphtication proce-
dures.

One indication of the effectiveness of cell lysis procedures is
cell viability, Theretore. we mecasured the change in viable
bacterta (CFU) before and atter bead-mill homogenization
and freeze-thawing as an indicator of the extent of lysis. The
data in Table 1 show rhat the beud-mill homogenization (2¢¢
survival) was more ettective than treeze-thawire (8% survival)
in reducing CFU of SDS-treated sediment bacierte. The CFU
data only accounted for 0.3 to 0.004% ot the total micrrucopic
counts (Table 1): therefore. the survival of bacteria . ficr the
rwa eell lysic nrocedures was aiso tested with endospmes ui 8.
subtilis. Because of their resistance to physical disruption,
endospores can serve as a model for other resistant microbial
structures. The ineffectiveness of the frecze-thaw procedure in
reducing the viability of a suspension of B. subtilis endospores
was striking (94% survival {Table 1]) relative to the bead-mill
hemogenization, after which 2% of endospores remained
viable. Lack of viability corresponded to the physical disrup-
tion of cell walls after bead-mill homogenization (Fig. 1).
Phase-contrast microscopy showed that the phase-dense. re-
fractile spores were completely ruptured after bead-mill ho-
mogenization (Fig. 1). The usval bright green fluorescence
charactenistic of DNA stained with acridine orange was miss-
ing in the ruptured spores and. therefore. had been refeased
into the solution.

To further confirm that the reduced viability (Table I) and
ruptured ceils (Fig. 1) were indicative of an extracellular
release of DNA, we measured the vield of DNA from 0.5 g of
sediment cxtracted and purified by several vanations of the
above lysis procedures: 10-min bead-mil! homogenization as
described above: three freeze-thaw cycles: or 5 min of bead-
mill homogenizaticn followed by three freeze-thaw cycles and
then another 5 min of bead-mill homogenization. Initial quai-
itative examination of the yields trom these three lysis methods
was accomplished via 1% agarose gel electrophoresis (data not
shown). Cn the basis of the fluorescence of intercalated
cthidium bromide. there was no clear visual difference berween
the two treatments that utilized bead-mill homogenization.
This suggested that bead-mill homogenization. alone. was as
cffective as a combination of freeze-thaw treatment and bead-
mill homogenization in releasing DNA. [n contrast, the inten-
sity of th2 DNA band resulting from the freeze-thaw treatment
alone was dimmest, thus corroborating the lower lysis effi-
ciency of this treatment relative (o bead-mill homogenization
(Table 1). The DNA from all three lysis preparations was then
concentrated with a SpinBind canridge, employed in this study
to improve DNA recovery over ethanol precipitation-DNA
resuspension procedures used earlier (12). A portion of cach
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FIG. 1. Phase-contrast micrographs of B. subulis spores before (A) and after (B) bead-mill homogenization. Dimensions in the upper nighthand
corner of cach micrograph denote the distance between the crosses marking the ends of cells.

concentrated DNA preparation was next electrophoretically
puritied on a 1% agarose gel. Each DNA band was excised
from the gel, processed a second time with the $pinBind
curtridge. and visualized on an agarose gel, and then a negative
image of each band was scanned with a laser densitometer to
guantify the DNA. Yields from tne bead-mill homogenization
(alone). freeze-thaw treatment (alone). and the two lysis
treatments combined were 11.8, 5.2, and 11.0 mg of DNA - ¢
(dry weight) of sediment ™', respectively. Thus. freeze-thaw
treatment. alone, released one-half as much DNA as from the
two bead-mill homogenization ticatmems, whose DNA yiclds
were virtually indistinguishabie.

Microscopic examination ot the sediment provided an addi-
tional means of assessing the response of native microorgan-

isms to lytic precedures. Because the data in Table 1 and the
above DNA vields cleurly demonstrated that freeze-thawing
was a less eticctive cell lvsis method than bead-mill homoge-
nization procedures. only the latter and several variations
(aimed at discerning the role of SDS in the procedure) were
investigated. Table 2 reports the total bacterial numbers
(AODC). approximate size disiribution. and mombological
diversity of microorganisms in scdiments before and o*:er SDS
treatment. bead-mill homogenization, or both treatmoents.
Prior to lysis. the sediment sample contained a rich and varied
coliecction of both cukarvone and prokaryotic cells which
spanned a wide range of cell sizes (Table 2). In general. the
various size tractions diminished as the severity of lytic proce-
dures increased. The key observauon shown in Table 2 is that
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TABLE 2. Effect ot bead-mill homogemzation and SDS treatment on total bacterial numbers. baci nal size distribution,
and morphoioical diversity in sediment

Teeatment _AODC AQDC Approx size Maorpholoeicad
h (=SD) pdw V" remaimng (‘) ange (pm) divensuy
Untreated IR (£0.3) -0 100 > ()3 1
S-min bead-mill 1.9(=0.5)- 1" 30 2003 m
10-min bead-nli 1.0(£0.2) 1™ 20 2.0-03 mn
sSDS 19 (+04)-10° 13 20403 11
SDS + 1t-min bead-mill 222(x L6y 0 6 1.20.3 Il

“ See Materials and Methods: note that the SDS reagent was included in the bead-mill homogenizauon procedure reported i Table 1.

" adw. grams (drv weight) ot sediment.

* Size runge and morphological dwersity ot fluorescent cells 1n at least 15 microscopic fickds observed during AODC counting by conventional and faser scanming
cpfluorescence phase—contrast and diffcrential intertercnce~contrast microscopy. | large and small filaments, rods. coccr. sareina-hike clusters ot microcolomes. IR

sarcina-hike clusters and small coccord cells only. HIL small coccowd cells only.

" A factor ot 380 greater than the untreated samplte CFU described m Tuble 1.

* The AODC of this sampie was estimated by determining the number of green Huvrescent eells per x 1000 deld ot 10 pl ot a 1:8 diluted sample containing acnidine

urange spread under a 22-mm-” covershp.

" A tactor ot 1467 greater than the SDS- and bead-muill-treated CFU descuibed in Table 1.

approximately 6% [2.2 (£ 1.6) X 10" cells* g {dry weight) of
sediment '] of the bacteria, mostly smatl coccoid cells in the
scdiment. were vnattected by the most scvere treatment.
bead-mill homogenization in the presence of SDS. The small
cells which resisted lysis were observed by laser scanning
epifluorescence microscopy (Fig. 2). It is important to note
that the epifluorescence images are produced electronically in
black und white by using a green analyzer filter and photomul-
tiplier detector. Theretore. the degree ot brightness of an
object in these images was directiy reiated 10 green fiuores-
cence. It is also important to note that the ratio of viable to
total counts (CFU/AODC) of the original sample was 0.3%
before trcatment (Table 1). After treatment with SDS and 10
min of bead-mill homogenization. the CFU/AODC ratio was
0.07% (inversc of factor in footnote f of Table 2). Thus, the net
etfect of these combined treatments was to lyse tne larger cells
that were more likely than the small cells to grow on the plate
count medium.

PCR amplification of sediment-derived DNA. In addition tu
cxamining the efficacy of cell lysis procedures, this study also
pursued the goal of achieving a rapid overall procedurc for
extracting and puritving DNA from sediment. By scaling down
the total amount of sediment processed. from 1 (12) to 0.25 or
1.5 g, we were able to perform all of the above procedures in
microcentnfuge tubes. This. in combinatiun with vtilization of
SpinBind units. shortened the total procussing time. from
crude sediment to purified DNA. to approximately 2 h.

Many reports have shown that soil and sediments contain
humic or other substances that may rcmam associated with
extracted DNA, thus preventing its subsequent analysis (13, 29.
33). To determine if the DNA vielded from sediment sampics
was pure cnough to allow subsequent molecular analysis, we
performed a variety of tests. The first was designed to ascertain
the effectiveness of gel electrophoresis in DNA purification. A
1-pi volume contaiuing 45 P. putida G7 cells (determined by
plate counts) was added to the PCR mixture along with 2 pl of
sediment-derived DNA that had twice been passed through the
SpinBind cartridges, with and without gel electrophoreiic
purification in between (the particular sediment subsample
used here lacked amplifiable naiiR). After completion of the
nested PCR procedure on both preparations. nghR was ampli-
fied from P. putida G7 cells only with the elecirophoretic
purification (data not shown). Thus, we confirmed our previ-
ous resuits (12) indicating that the sediment contained PCR-
inhibitory substances whose removal required a gei-clectro-
phoretic purification step.

Prior work has shown that sediment samples trom a variety
of locations in our coal tar-contaminated ficld site contam
genes homoiogous to nahAd (12) end nahR (27). Using the
DNA isviation and purification protoco! described here. we
repeatedly examined the quality of the DNA so obtained.
Figure 3 shows the PCR products that resulted from four
different sediment samples from our study site. Because PCR
is sensitive both to concentrations of inhibitoryv substances and
10 the concentration of target DNA sequences. we amplified
direcily afier ihe final elution {Tom ihe SpinBind unit . 3.
lanes 1. 3. 5, and 7) and after a 10-fold dilution (Fig. 3, lanes 2,
4, 6, and 8). The DNAGs extracted from seep sediment (used to
develop the protocols described in this study |Fig. 3, lanes 1
and 2]) and source sediment (Fig. 3, lanes 7 and 8) were
susceptible to PCR amplification of the nahR gene, regardless
of dilution. However, DNA preparations trom the other
sediment samples displayed differing responses to dilutios.
nahR was not amplified from the diluted upgradient sediment
DNA (Fig. 3, lane 4)—possibly indicating a low titer o target
DNA. In contrast. the DNA preparation from the downgradi-
ent sediment yiclded a relatively weak amplification band in
the undiluted sample Fig. 3. lane 3)—possibly indicating that
the electrophoresis and SpinBind purification steps failed to
completely remove substances inhibitory to the PCR. As an
additional negative control treatment in the experiment whose
results are shown in Fig. 3, a piece of the punfication gel from
outside the DNA bands was carried through the PCR proce-
dure and failed to vield the amplified product (data not
shown). When additional subsamples of the sediments used
(Fig. 3) were repeatedly carried through the DNA extraction.
punification, and PCR procedures. amplification of the nahR
genes was not always consistent. This inconsistency was noted
previously in the amplification of nah4c from the upgradient
and downgradient samples (12). The reason for this variability
is uncertain, but the vanation may have becen caused by
heterogeneity inherent in the physical. chemical. and microbi-
ological characteristics of field site-derived sediments.

DISCUSSION

This report has articulated the role of cell lysis as the first in
a series of procedures requited for achieving efficient. nonse-
lective access to the genes in naturally occurring sediment
microbial communities. But. perhaps more importantly, we
have presented criteria for evaluating the effcctiveness of the
lysis step. These criteria were 1ss of cell viability, total DNA
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HIG. 20 Laser scanning epifuorescence micrographs of acnidine otimge-stamed native cells in sedunent betore 1A} and atter (B bead-anll
hemogemzaton, Note the presence of both laree and sinall cells i the centes of the pretvsis nucroeraph. Ondy very small ecls remianed atter lvsis

Dunenstons m the upper nghi-hand comer of cach mictograph denoie the distance between the crosses adjicent to cells or parucles.

vicld, and microscopie exanunation ot sediment-denved cells ~cdiment was ventied by PCR amplificanon ot i navve naph-

tor total direct counts and morpholowmcal diversiy changes. By
all tour crtern, bead-nall homoremzaton was shown o he
more cticient m fvsing cells than treeze-thawine, Furithermore,
the quality ot the DNA subsequently extracted tfrom the

thalene catabohic gene.
Precedent has been set tor usig the behavior of sancimdicaton

nicroorganisn. otten seeded mto sediments priot to deternun

mp the ctiicieney ot Iysis o1 DNA tecovery, as a basis tor
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I1G. 30 Ampiitication ol naftR trom tour scdiment sampies with
nested pomer PCR. For lanes | 3 30 and 10a 2-ul concentrated
sample was used as a eaplate tor PCR smphification; and tor lanes 2,
- 00 and 3, a 2-pl 110 diluton ot the sume samples was used. Lanes:
Pand 20 seep sediment: 3 and 4. uperadient sediment: 3 oand o,
downgradient sediment: 7 and 8. source sediment: Y, positive conirol
(part ot a £ prrda G7 colony added to the PCR muxturey: 1 PCR
negative control (reagent onlvy,

extrapolating 1o the behavior of indigenocus celis (7. 22, 31,
Stmilarly. i this studv. viable counts of Baciflus endospores
and native sediment bacterta were examined as a means tor
testng cell Ivsis procedures. A consistent proportion ot surviv-
g cells (29) (Table 1) shared by the two very different
microbial assemblages (total sed'ment miccoorganmsms and
Bacillus  ¢ndospores) provided initial encouragement  that
DNA released from scdiment by bead-mill homogenization
would be completely representative of the sediment microbial
comiuiiy. However. the total viable counts derived from the
sediment represented only 0.3 (prelysis) (Table 1) and 0.077
(postlysis} (Table 2, tootnote 1) of the tetal microscopic count.
This total microscopic count necessarily included unknown
propurtions of nonviable but intact ¢ells wnd both cultured and
uncultured viabie cclls, Thus. un astonishingly large compo-
nent of the sediment microbial community studied here was
characterized only according to microscopically discernible
traits such us cell size and morphology (Table 2). The SDS.
bead-mill  homogenization trecatment  disrupted  indigenous
cells o biased manner by leaving the smeallest size fraction
(1.2t 0.3 umlong) {Table 2: Fig. 2y intact. Unul this resistant
portion ot the sediment microbual commumry can be lvsed
{perhaps by using smaller beads and additional chemical Ivtie
agents). the deal of accessing all of the indigenous genes will
b thwarted. Furthermore, it is clearlv unwise to use added
indicator microorgasisms, or even viable indigenous cells as a
basis tor drawing inferences about the susceptibility of the
uncuitured microbial community to cell lvsis procedures.
Despite the fact that SDS. bead-mill homogenization failed
to disrupt small cells native to the sediment. it is appropriatz to
use the data presented here o esumate total sediment DNA
and the overall efficiency of the extraction procedure, It we
presume that prokarvotes were the predominant reservoir of
scdiment DNA and that each of the 3.8- 10" prokarvotic
cells + g (drv weight) ot sediment ' contained a single station-
arv-phase penome weighing 3-10 7' ¢ (based on data for
Escherichia cok [38]). then | g (dry weight) of the sediment
contatned 19 pg of DNA. This value agrees reasonably well
with the total sediment DNA cstimated by Ogram et al. (20)
(27 pg - g dry weight ') and with the ranges of total soil DNA
{20 to 50 pg - g dry weight =') reported by Picard et al. (22).
Selenska and Klinginulier (26). and Steffan et al. (28). Factors
contributing to variability in 1otal DNA cstimates include those
imposed by ditlerent extraction methodologics. as well as
microbiotogical idiosyncrasics ot particular samples stemming

ek bk, M Rousor .

from phvsiological influences such as soil or sediment npe.
chmate. and the content of waler. oaveen. and OrEime matter.
cte. The DNA viclded when SDS, bead-mul homogenizauon
wiy contnned with the extricton protocol desenbed here
(LS g - o [y werght] of sediment "y iepresents 0247 ot the
1Y pg ot total theoreucal DNAL Many ot the assumptions
contributing to this ellicieney fgure are uncertan: nenetheless,
ths estimated yield 1 reasonably bigh. fos pernaps remarhably
leh i beiie of the tact that muen ot the DNA from eeils 1.2 10
L3 o iength was not released «Fable 2) and that the steps
subsequent to cell lvsis (espectallv separation ot the DNA trom
sediment parucles) were not carctully scrunmized. Only after
ciach step has been thoroughly exanmined and optimized can
INA extracthon biases be reduced and etliciency be increased.
1t should be noted that even it an extrucuon cthiciency of 99.9¢¢
were achieved. with 107 cells per ¢ this would sull leave 107
argamsms per g unsampled. Thus, oven when the lysis edi-
cieney 1s relatively high, nunor members ot the community may
remain ntact and. consequently. their DNA may  escape
detection. Although there 15 no clear soludon o this dilemma.
we feel that conunued striving owirds the combination ol
unbiased genome sampling and enhanced sensinvity attorded
by PCR may parvally nuugate such detection bt problems,

PCR detecuon of genes native o sediment requires that the
ratio of target sequence be high relative 1o accompanving
sediment-derived materials that may imhibit the denaturanon,
annealing, and DNA svnthesis stages of PCR (29,32, 33). In
this regard. optimal sensitivity tor amphifving native genes can
only be achieved by separating the DNA trom nhibitory
substances. Recently. Abbaszadegan er al. (1) have shown that
Sephadex G- and Chelex 100 resins snceesstully remaoved
PCR-inhlibitory substances from groundwater concentrites.
Perhaps ironically, nontarget DNA iiself has also recently been
shown to mask the PCR ampiification of target sequences in
low abundance (29). This studv has confirmed that purification

of indigenous genes (nahR). But evenin such purportedly pure
DNA preparations. lack of ampliticatton in undiluted DNA
extract (Fig. 3) suggested that inhibitorv substances still re-
mained in the mixture. The need 1o dilute DNA extracts prior
to PCR amplitication has been reported carlier for electro-
phoretic puntication ot DNA extracted trom environmental
samples (7. 22, 33). and it is the simultancous dilution of the
target sequence that may ultimately himit the sensiivity ot the
method.

Scale and ns equavalent. sample size, are other issues to be
considered in performing and interpreting experiments cxam-
ining molecular characteristics of naturaily occurring microbiai
communitics. The small-scale (0.5 ) processing of sediment
reported here substantialiy diminished the logistical and time
constraints op DNA extraction. But facile processing of small
samples raises quesuons about how accurately such small
samples represent microbial communities as they oceur in the
landscape. Not enough is known about the chemical, physical.
and microbiological spatial heterogeneity of soils (21) and
sediments to allow data from 0.5-g samples o be the basis for
extrapolation to larger (i.c.. kilogram) or very large (ie.
lundscape) scales. Moreover. the amphfiability of genes
present in 1).5-g samples undoubtedly reflects the variable
spatial distribution oi both the target DNA sequence and
sediment-denved substances that inhibit PCR (see the discus-
sion above). Because these determinants for successful gene
amplification mav vary independently, interpreting the resulss
of such assavs may prove challenging.

Recently. Erb and Wagner (7) used DNA extraction and
PCR amgplitication technigques o obtain a polychlorinated
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miphenvt catabolic gene duceddy trom a German ireshwatet
~cdiment. A comparison ot restriction digests tarded o aetect
any divereence between o scamment-denived dpinAf3C aene
dagment and that of the type straun. Psetdomonds sp. stram
LBA00 (7). In contrast, by hybrnidizing DNA extracted 1iom
sotls with o vanety of gene probes Holben et all (14) lune
recently demonstrated that the gencuce basis insotl microbral
~ommunities tor 2 4-dichloropienoxvacetic aod  catabolism
~as broader than that ot plasnua pJ P4 Similarly, we reported
SiEicant restriction fragment length polvinorphusm  relative
W P putda G7 in the naftde genes m DNA extracted trom the
sime coad tar-contaminated ficld site examined here 12). In
vrder to learn more anout the distribution ot related naphtha-
fene catabolic gene sequences. procedures m this studv unlized
a different. nested set ot oligonucleotide primers. specitically
designed to amplity an 828-bp trugment of the naitR gene (27,
39 nahiR is a member of the AsR tanmuly of reguliatory genes
that are widely distributed among gram-negative hacteria (23).
Detecuon of nahR in the DNA extracted from the sediment
nrovides two tvpes of 1aformanon. First, ampliticaton ot this
2ene allowed the quality ot sediment-derived DNA to be
evaluated. Because PCR amplification was possible, we con-
cluded that the rapid extraction and purtticaton procedures
developed in this invesugation were suceesstul. But, perhaps
more interestingly. detecting naqiR in DNA extracted from this
ticld study site lends additional momentum to ccological
inquiries which utilize DNA sequence information from pure
culture -derived tunctionad genes to explore gene distribution
and variation in naturec.
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